Inhibitor experiments indicate that photosynthetic electron transport is required for light activation of the pea (Pisum sativum) leaf chloroplast enzymes NADP-linked glyceraldehyde-3-phosphate dehydrogenase, NADP-linked malic dehydrogenase, ribulose-5-phosphate kinase and sedoheptulose-1,7-diphosphate phosphatase, and for inactivation of glucose-6-phosphate dehydrogenase. Modulation of the activity of the dehydrogenases and kinase apparently involves a component preceding ferredoxin in the photosynthetic electron transport chain; activation of the phosphatase involves an electron transport component at the level of ferredoxin. Modulation of enzyme activity can be obtained in a broken chloroplast system consisting of membrane fragments and stromal extract. The capacity for light regulation in this system is reduced or eliminated when the membrane fraction is exposed to arsenite in the light or to sulite in light or dark. Light-generated vicinal-dithiols seem therefore to be involved in modulation of the activity of the enzymes included in this study.
Since two different electron transport chain components are involved, at least two different membrane-bound vicinal-dithiol-containing mediators must participate in light modulation of chloroplast enzyme activity. Fluorescence induction experiments suggest that there are about four arsenite-sensitive sites per photosynthetic unit, which makes it seem possible that there is a specific mediator site for each light-modulated enzyme.
MATERIALS AND METHODS GROWTH CONDITIONS, CHLOROPLAST, AND CHLOROPLAST EXTRACT PREPARATION
Whole Chloroplast Experiments. Shoots from 12-to 14-dayold pea (Pisum sativum L., cv. Little Marvel) plants grown in vermiculite outdoors in direct sunlight (Rehovot, September through November) were used. Plants were placed in a dark box overnight prior to harvest. Chloroplasts were isolated in dim light. In experiments with NADP-linked malic dehydrogenase, glucose-6-P dehydrogenase and ribulose-5-P kinase, chloroplasts were prepared as described previously (3) , except that the leaf homogenate was filtered through 10 layers of cheesecloth and the chloroplasts were resuspended in 0.33 M sorbitol, 2 mM MgCI2 2 mm EDTA, 50 mm HEPES (K+), pH 7.2 (20) .
In several experiments we were not able to obtain light activation of NADP-linked glyceraldehyde-3-P dehydrogenase in chloroplasts prepared in the absence of a reducing agent. In experiments with this enzyme, sodium ascorbate (5 mM) was added to the homogenization medium which was buffered at pH 7.6 . This medium was also used for resuspension.
Broken Chloroplast Experiments. Shoots from another Pisum sativum cultivar, cv. Dan, grown under continuous artificial light 8 to 10 days, were used in broken chloroplast experiments. Chloroplasts, isolated from about 100 g of shoot tissue in medium without ascorbate and washed once in the pH 7.2 resuspension media, were broken by osmotic lysis in 5 ml of 50 mM HEPES (K+), I mm EDTA, 10 mm KCI, 5 mm MgCI2, pH 7.2. The stromal fraction was separated from the particulate fraction by centrifugation (10 min, 27,000g). The particulate fraction was resuspended in 35 ml of the pH 7.2 buffer, collected by centrifugation (10 min, 12,000g), and resuspended in the same buffer.
Arsenite treatment consisted of addition of sodium arsenite to the resuspended particulate fraction in the light (6100 ft-c) or dark, dilution after 3 min with the pH 7.2 buffer, and washing by resuspension and recentrifugation. (Final arsenite concentration in assay was about 10,000-fold lower than during treatment.) Sulfite treatment consisted of addition of sodium sulfite (neutralized) solution to the particulate fraction in darkness, dilution and washing after 3 min, as with arsenite treatment, or addition of sulfite solution to particulate fraction after 1-min illumination, and dilution and washing after 3 min. Treatment with DTT4 was the same as with sodium sulfite in the dark. In experiments where treatment with arsenite followed DTT treatment only one series of washes was used; two series of washes, one after arsenite treatment, the other after DTT treatment, were used in experiments where DTT was used to remove bound arsenite. Inhibitor treatment was at room temperature, washing at 0 to 4 C.
Enzyme Assays. NADP-linked malic dehydrogenase was assayed by the method of Hatch and Slack (10) ; glucose-6-P dehydrogenase as described by Muto and Uritani (4, 16) ; ribulose-5-P kinase in whole chloroplast experiments by the method of Avron and Gibbs (6) and in broken chloroplast experiments by the method of Hurwitz et al. (1, 11) ; NADP-linked glyceraldehyde-3-P dehydrogenase by the method of Wu and Racker (4, 24) and sedoheptulose-1 ,7-diP phosphatase as described by Duggan and Anderson (8) . Change in reduced pyridine nucleotide was followed at 340 nm at room temperature using a Cary 16 recording spectrophotometer or by change in fluorescence (366 nm exciting light) using an Eppendorf photometer 1100 adapted for fluorimetry. In the case of sedoheptulose diphosphatase inorganic phosphate released after 30 min at 25 C was measured (8) .
Light Activation or Inactivation. Resuspended chloroplasts were exposed to 6100 ft-c light from two General Electric 300 w, 120 v flood lamps. Temperature was controlled at 25 C. At the indicated times (see individual experiments) chloroplasts were lysed osmotically by 10-fold dilution with ice-cold double-distilled H20. Assays were run using the resultant extract. NADPlinked malic dehydrogenase was assayed immediately since the activity of this enzyme decayed rapidly. Other enzymes were assayed as soon as possible (same day).
Conditions for assaying activation or inactivation in the broken chloroplast preparation were essentially the same as for whole chloroplasts except that in the case of sedoheptulose-diP phosphatase dilution (2.5-fold) was directly into the assay mixture at 25 C. Initial velocity of light modulation (activation or inactivation) of indicated enzyme was extrapolated from change in enzyme activity after 0, 10, 20, 40, and 60 sec illumination and is expressed in nmoles product formed min-2 mg stromal protein-'. In some experiments longer light exposure time intervals were used.
Fluorescence Induction Experiments. Fluorescence induction was followed using the experimental setup of Malkin (15) . Illumination to excite fluorescence was through a B-3 550 nm Baird-Atomic interference filter; fluorescence emission was isolated using a Corning 4-77 and a Schott-RG-645 cut-off filter.
Protein and Chlorophyll Estimation. Protein was estimated by, biuret method after precipitation with acetone (3) and Chl from A665 and A649 readings in 80% acetone (21 57, 1976 of ribulose-5-P kinase (data not shown) were similar to those for malic dehydrogenase and to those reported for the spinach leaf kinase (6) . Activation of the glyceraldehyde-3-P dehydrogenase occurs much more slowly than light activation or inactivation of the other enzymes studied. Apparently there is some difference in the process of light modulation of the glyceraldehyde-3-P dehydrogenase and the other enzymes included in these experiments.
The kinetics of dark inactivation of malic and glyceraldehyde-3-P dehydrogenases and of dark activation of glucose-6-P dehydrogenase are shown in Figure 2 . In pea leaf chloroplasts, as in spinach chloroplasts (6) , reversal of activation of the kinase occurs very slowly (data not shown). Inactivation of the lightactivated dehydrogenase and activation of glucose-6-P dehydrogenase occur comparatively rapidly. Dark modulation has not been studied further; the present data may indicate that the three dehydrogenases are dark-modulated by similar processes distinct from that for inactivation of the kinase.
The effect of DCMU on light modulation of the activity of the dehydrogenases and ribulose-5-P kinase is given in Table I . (A) and glyceraldehyde-3-P (0) dehydrogenases and for inactivation of glucose-6-P dehydrogenase (-) in pea leaf chloroplasts. Initial activity of malic dehydrogenase was 8.6 nmoles NADPH oxidized min-' mg protein-'; stimulation at 4 min, 14-fold. Chloroplast protein concentration was 1.64 mg ml-'; activation as described under "Materials and Methods." Initial activity of glucose-6-P dehydrogenase was 11 nmoles NADP reduced min-' mg protein-'; inhibition at 1.5 min, 51%, chloroplast protein concentration, 4.6 mg ml-'. Initial activity of glyceralde- (A) and glyceraldehyde-3-P (0) dehydrogenases and inactivation of glucose-6-P dehydrogenase (0) in pea leaf chloroplasts. Light off after 5 min for malic and glucose-6-P dehydrogenases and after 30 min for glyceraldehyde-3-P dehydrogenase. Malic and glyceraldehyde-3-P dehydrogenase experiments, as Figure 1 . Initial activity of glucose-6-P dehydrogenase was 57 nmoles NADP reduced min-' mg protein-'; inhibition at 5 mg protein-'; stimulation after 5-min light treatment varied from 1.25-to 5.5-fold. Initial malic dehydrogenase levels were between 4 and 8.6 nmoles NADP formed min-' mg protein-'; stimulation after 2-min light treatment varied from 2.8-to 13-fold. Initial glucose-6-P dehydrogenase levels ranged from 13 to 56 nmoles NADPH formed min-' mg protein-'; inhibition after 2-min light was between 22 and 63%. Stimulation of ribulose-5-P kinase after 2-min light was between 2-and 7.4-fold; specific activity not determined.
Sedoheptulose-1,7-diP phosphatase activation was followed in broken chloroplast system. Initial velocity of activation was extrapolated from enzyme activity after 0, 10, 20, 40, and 60 sec exposure to light.
Sedoheptulose-diP phosphatase activity at to cannot be accurately estimated because of high nonspecific phosphatase levels. Stromal protein concentration in reconstituted system 0.88 mg ml-', Chi concentration, 45 jig ml-'. Stimulation at to was 37. Clearly the activation of the NADP-linked glyceraldehyde-3-P and malic dehydrogenases and ribulose-5-P kinase and inactivation of glucose-6-P dehydrogenase is mediated by the photosynthetic electron transport system. DCMU has been shown to inhibit the activation of ribulose-5-P kinase in spinach chloroplasts. (6) . The photoreceptor for light modulation of the activity of these enzymes must then be the photosynthetic pigment complex, as was first indicated by action spectra experiments for activation of glyceraldehyde-3-P dehydrogenase in Lemna (18) . Diquat, which shunts electron transport at the photosystem I electron acceptor level (25), like DCMU inhibits light activation of NADP-linked glyceraldehyde-3-P dehydrogenase and malic dehydrogenase and light-inactivation of glucose-6-P dehydrogenase (Table I ). This compound also interferes with activation of ribulose-5-P kinase in spinach (6). The uncoupler FCCP blocks activation of NADP-linked glyceraldehyde-3-P dehydrogenase but has little effect on the activation of malic dehydrogenase or inactivation of glucose-6-P dehydrogenase (Table I ). In spinach chloroplasts FCCP does not affect ribulose-5-P kinase activation (6) . Although ATP can activate spinach leaf NADP-linked glyceraldehyde-3-P dehydrogenase by causing dissociation of a high mol wt form, it seems unlikely that the pea leaf enzyme will be ATP-activated, since it is apparently present only as the low mol wt species (17) , and addition of adenine nucleotides is not required for activation of this enzyme in the broken chloroplast system (see below). Kaback et al. (12) recently found that the CCCP sensitivity of active transport of lactose and amino acids in Escherichia coli is due to the binding of the inhibitor to sulfhydryl groups involved in transport and not to uncoupling of oxidative phosphorylation. Light modulation involves membrane-bound sulfhydryl groups containing factors (see below). Since treatment of the enzyme with FCCP before or after light activation has no effect, probably the activating system, and not the enzyme itself, is inhibited. Clearly the process of activation of glyceraldehyde-3-P dehydrogenase is not totally identical with the process for modulation of the malic and glucose-6-P dehydrogenases.
Reduced ferredoxin reportedly mediates activation of fructose-and sedoheptulose-diP phosphatases (7, 19) but the ferredoxin antagonist DSPD does not affect the activation of spinach leaf ribulose-5-P kinase (6) . In the present experiments DSPD actually enhanced light modulation of the activity of the NADPlinked malic and glyceraldehyde-3-P dehydrogenases and particularly of glucose-6-P dehydrogenase (Table I) and did not affect modulation of the kinase (data not shown). Blocking electron transport at the level of ferredoxin apparently diverts electron flow for the activation and inactivation, respectively, of these dehydrogenases. In broken chloroplasts sedoheptulose-diP phosphatase activation was inhibited (Table I) indicating, in confirmation of the results of Schurmann and Buchanan (19) , that a component of the electron transport chain at the level of ferredoxin is probably involved in phosphatase activation.
Apparently, at least two different system I components are involved in light modulation; the first for the kinase and dehydrogenases before ferredoxin and the second, at or beyond the level of ferredoxin, for the phosphatases. Activation of NADPlinked glyceraldehyde-3-P dehydrogenase involves an FCCPsensitive mechanism. Distinct, but related mechanisms may exist for the light activation and inactivation of each of the lightmodulated chloroplast enzymes.
Experiments with Arsenite and Sulfite. When chloroplasts are lysed in minimal amounts of a buffer solution containing KCI, MgCI2, and EDTA, a soluble (stromal) and pellet (membrane) fraction can be separated by centrifugation; when the fractions are recombined it is possible to obtain light activation of the light-activated enzymes and inactivation of glucose-6-P dehydrogenase. Kinetics of activation of NADP-linked malic dehydrogenase and inactivation of glucose-6-P dehydrogenase are shown in Figure 3 . Using this system it is possible to test the effect of inhibitors on the light modulation system without encountering the difficulties inherent in experiments with intact organelles. No modulated enzyme activity is found in the particulate fraction and no light activation or inactivation is found in the supernatant fraction in the absence of particulate fraction.
Inhibition by arsenite which is reversed by treatment with dithiols such as 2,3-dimercaptopropanol or DTT is indicative of the participation of vicinal-dithiol groups in enzyme action either directly at the active site or indirectly in maintaining 57, 1976 proper configuration (22) . In the broken chloroplast system, light activation of malic dehydrogenase and inactivation of glucose-6-P dehydrogenase is inhibited when the membrane fragments are treated with arsenite in the light (Table II) . The inhibition is reversed when these fragments are subsequently treated with DTT. No inhibition is observed when the fragments are exposed to arsenite in the dark. Light treatment of the fragments alone does not affect the system (data not shown). These experiments suggest that a membrane-bound vicinal dithiol which is involved in light modulation of the activity of these enzymes is generated when the particulate chloroplast fraction is irradiated.
Malkin and Kok (14) have shown that the area bound by the curve describing change of fluorescence yield of Chi a with time (i.e. the integral of the quenching of fluorescence versus time) is related to the number of oxidants which can be photoreduced. In the washed chloroplast particulate fraction used in the present experiment this should include only electron transport chain components and associated electron acceptors before ferredoxin, but not ferredoxin, which will have been removed by the washing, or components beyond ferredoxin. Malkin and Kok (14) estimate that there are 20 such oxidants per photosynthetic electron transport system unit. In the present experiments we found that the area bound by the fluorescence induction curve was 16 to 20% diminished by arsenite (Fig. 4) . The number of arsenite-sensitive electron acceptors corresponds to three to four per photosynthetic unit. Treatment with DTT partially reverses the arsenite effect. There are apparently three or four preferredoxin electron acceptor sites which, when photoreduced, are vicinal-dithiols or intimately related to vicinal- Treatment of the particulate fraction with sodium sulfite results in inactivation of the light modulation system (Table III) . Sulfitolysis is typical of organic disulfides (22) . The vicinaldithiol groups involved in the modulation of the activity of malic dehydrogenase and of glucose-6-P dehydrogenase are apparently generated by reduction of disulfide bonds. Since illumination, which should cause photoreduction of these disulfides, does not significantly protect them from sulfitolysis, it is possible that both the dithiol and disulfide are actually involved in light modulation. Sulfite is reduced in chloroplast systems at concentrations considerably higher (2 mM) (23) than those used in the present experiments (10 ,uM) , which would seem to eliminate the possibility that the sulfite effect is simply due to disruption of the electron transport system. Neither glucose-6-P dehydrogenase nor malic dehydrogenase is inhibited directly by 10 /M sulfite (unpublished data).
When the particles are treated in the dark with 1 specific for glucose-6-P dehydrogenase, a second for glyceraldehyde-3-P dehydrogenase, a third for ribulose-5-P kinase, and a fourth for NADP-linked malic dehydrogenase. LEM II will be involved in the activation of the phosphatases and may represent more than one mediator. min), then with 2 mm sodium arsenite (2 min) glucose-6-P dehydrogenase modulation is 58% inhibited (stromal protein concentration, 2.9 mg ml-'). DTT treatment alone does not affect light inactivation of this enzyme. Activation of malic dehydrogenase is likewise inhibited when the membrane fraction is exposed to DTT, followed by arsenite, but in the case of this enzyme DTT treatment alone affects light modulation when the system is reconstituted. The simplest interpretation of these data is that DTT reduces disulfide bonds which then react with arsenite and that light via electron transport is responsible for reduction of specific membrane-bound disulfide bonds. On the other hand, the effect of sulfite as well as the effect of arsenite might simply be due to perturbation of the membrane in the vicinity of the light regulation mediators.
Arnon et al. (5) and Gibbs and Calo (9) found that CO2 fixation in spinach chloroplasts is inhibited by arsenite under conditions where electron transport and photophosphorylation are not affected. More recently Latzko et al. (13) reported that activation of ribulose-5-P kinase is arsenite-sensitive. Our experiments indicate that arsenite inhibits CO2 fixation by blocking activation of several (or all) of the dark-inactivated reductive pentose phosphate cycle enzymes and inactivation of glucose-6-P dehydrogenase. It seems possible that sulfite generated in vivo from atmospheric SO2 could disrupt metabolic regulation in higher plants. We have not yet found any evidence for the participation of stromal factors or enzymes (other than as substrates) in the process of light activation and inactivation of the dehydrogenases and ribulose-5-P kinase. Activation of the phosphatases in a broken chloroplast system has been reported to be stimulated by ferredoxin, probably by reconstitution of the electron transport system, and by a factor, probably protein, which can be separated from fructose-1,6-diP phosphatase in crude chloroplast extracts by acid treatment (7, 19) . Within the restricted confines of the lamellated chloroplast mobile mediators may not be necessary, rather the entire system for light modulation may be integrated into the thylakoid membrane. Our current concept of the light modulation system is depicted in Figure 5 .
